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Abstract 
 
Effects of Sediment Supply and Slope on  
Channel Topographic Roughness and Sediment Transport 
 
Alexander Craig Aronovitz, MSGeoSci 
The University of Texas at Austin, 2012 
 
Supervisor:  Joel P. Johnson and Wonsuck Kim 
 
We investigate the evolution of mountain channel morphology and riverbed 
surface roughness by conducting laboratory experiments.  In particular, we perturbed a 
stable experimental channel with a pulse of fine sediment, and found the ultimate effects 
to be coarser surface beds and rougher channel topography. The experimental flume is 
4m long by 0.1m wide with a working length of 2.5m.  We control initial sediment size 
distribution, flume slope, water discharge, and sediment feed rate.  Measurements include 
topographic profiles, flow depth, surficial grain-size distribution, sediment transport rate, 
and sediment size distribution. Experiments begin with a gravel bed of a broad sediment 
size distribution, at two initial flume slopes: 8.2% and 12.4%.  Discharge is held constant 
until transport rates and topographic changes indicate the system is at near steady state. 
Coarse sand is then fed into the channel at 1,000 g/min as a means to perturb the system.  
Sediment feed is held constant until the perturbed bed reach steady-state conditions. The 
feed is subsequently ceased and measurements continue until sediment transport rates and 
topography stabilize. 
 vii 
Transport rates decrease following perturbations and remain very low when the 
channel bed is stabilized.  The introduction of coarse sand acts to smooth the channel bed 
by filling in topographic lows and interstitial grain space. The sand also increases the 
mobility of coarser sediment that was previously stable, likely due to local surface 
smoothing at grain-scale.  The increased fraction of surface sand cover maintains 
increased scouring and mobilization of coarser grains for some time after sediment feed 
is ended.  These post-perturbation mechanisms are interpreted to be responsible for 
topographic adjustments as the system readjusts towards new steady-state conditions. 
Surface sorting and transported distributions reflect high sand fractions well after 
perturbations have ceased, suggesting that brief pulses of sediment can increase coarse 
sediment mobility for prolonged periods.  This process eventually results in the 
coarsening of the surface bed and increased topographic roughness.  These results are 
important for the management of rivers and have direct implications for gravel 
augmentation. 
 viii 
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Chapter 1:  Introduction & Methodology 
INTRODUCTION 
Mountain channels are characterized by steep gradients (>3%), coarse surface 
grain size distributions, and varied flow and transport conditions [Chin, 1999; Chartrand 
and Whiting, 2000].  Similar to lowland alluvial rivers, these steep mountain channels 
also have bedforms and surface grain size sorting patterns that form along length.  
Notable structures that form in the channels include pools, riffles, step-pools, and varied 
combinations thereof [Chin and Phillips, 2007; Church and Zimmermann, 2007]. Recent 
literature has focused on the formation of these structures in mountain channels because 
of the implications they have for geomorphic processes [Curran, 2007].  Variations in 
bed topography are referred to as “roughness” of a channel bed, with more variations in 
topography deemed as more ‘rough’ [Finnegan et al., 2007; Johnson and Whipple, 2007].  
Channel roughness has hypothesized implications for overall landscape evolution, 
possibly affecting sediment transport rates, flow dissipation, erosional patterns [Curran 
and Wilcock, 2005; Fassnacht et al., 2009].  The formation of roughness in these 
channels has been observed both in nature and the laboratory, with a focus on the 
formation of features like step-pools in channel beds [Lenzi, 2001; Comiti et al., 2005; 
Weichert et al., 2008]. 
Flume experiments have been conducted to observe how step-pool structures form 
in relation to flow conditions, channel slope, and sediment distributions.  Formation 
models include hydraulic jumps, antidunes, and the common immobile grain hypothesis 
[Curran, 2007]. In this model, step-pool and roughness structures form after a large 
‘keystone’ grain becomes immobile on the channel bed, resulting in the clustering and 
immobilization of like-size and smaller grains on the upstream side.  The geometries of 
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step-pools, not necessarily formed by this specific mechanism, have been studied 
extensively, paying attention to the size and frequency of step-pools in relation to grain 
size distributions, flow depths, channel slopes, among other variables [Wohl, 2000; 
MacFarlane and Wohl, 2003].  Clustering and locking of the maximum grain size (Dmax) 
and coarsest grains of a channel bed are hypothesized to form step-like structures and 
increased channel roughness [Zimmermann and Church, 2001; Curran, 2007].  The ratio 
of the channel width to Dmax is theorized to be an important factor in determining the 
frequency and magnitude of step formation [Church and Zimmermann, 2007; Curran, 
2007].  Lower width to Dmax ratios would therefore result in increased probability of step-
pool formation and increased channel roughness. 
Recent research has begun to determine the stability of roughness features over 
time, and in particular, how bed structures respond to perturbations such as floods and 
sediment flux [Lenzi, 2001; Turowski et al., 2009; Venditti et al., 2010b].  Current 
research has approached this task by surveying natural channels, pre and post-flooding, 
relying on natural timescales and poor constraints on natural channel variables [Lenzi, 
2001; Lenzi and Comiti, 2003; Comiti et al., 2005].  There is also increased interest in the 
effect channel roughness has on possibly decreasing sediment transport rates [Curran and 
Wilcock, 2005; Lamb et al., 2008; Yager et al., 2012].  Transport models have been 
proposed to quantify sediment transport through rough, step-pool reaches [Wilcock and 
Crowe, 2003; Yager et al., 2012].  A common approach, which we follow, calculates 
sediment transport using total shear stress which can be partitioned into form drag and 
skin fiction stress.  Form drag is primarily associated with large-scale roughness 
structures, while skin friction, !!", is the stress felt at a channel bed.  The Wilcock and 
Crowe [2003] model in particular, does not explicitly consider shear stress partitioning 
and suggested the presence of a fine surface grain size distribution increased the mobility 
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of coarse grains, while a coarse surface distribution decreased the mobility of fine grains.  
This model implies that surface grain size distributions affect sediment transport rates.  
The current research aims to gain further knowledge of channel feedbacks, specifically 
those of channel roughness, stability, and sediment transport.   
Benefits of conducting laboratory flume experiments to understand channel 
feedbacks include the control of otherwise natural variables and timescales that can be 
extremely difficult to quantify when studying a natural channel.  Although laboratory 
experiments inevitably have scaling inconsistencies to the natural system, results can still 
be important for understanding system dynamics [Malverti et al., 2008; Paola et al., 
2009].  Experimental models are not exact replicas of nature, but rather insightful 
analogues for observing and measuring channel dynamics and associated feedbacks.  The 
goal of this thesis research is to observe stable channels responding to sediment flux 
perturbations, with a focus on the changes between pre and post perturbation channel 
characteristics.  This research provides observations and interpretation of channel 
feedbacks; in particular the relationships between surface grain size distributions and 
sediment transport rates.   
 A better understanding of channel feedbacks in coarse alluvial channels has 
implications for both natural and engineered systems.  Floods, erosion, and deposition 
can alter channels in wilderness and urban areas, which therefore affect natural habitats 
and property.  In particular, sediment transport affects species habitats, dam construction 
and removals, and sediment accumulation.  Stream restorations and culvert engineering 
designs often attempt to account for hypothesized natural geometries and grain size 
distributions in order to encourage natural ecosystem development [Chin et al., 2008; 
Rubin et al., 2012].  Gravel augmentation is a common restoration technique used for 
both engineering and natural applications.  Gravel is introduced into channels to either 
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compensate for low sediment flux below a dam, for example, or to restore channel 
topography for spawning habitats [Singer and Dunne, 2006; Sklar et al., 2009].  This is a 
common restoration technique and a prominent motivator for research on sediment flux 
over gravel beds. Further understanding natural channel roughness and sediment 
transport can therefore be an important resource for a variety of interests including 
geomorphological, environmental engineering, and environmental policy.    
METHODOLOGY 
Flume Design 
The experimental flume constructed for this project is 4m long by 0.1m wide.  
Data is collected over a working length of 2.5m in order to minimize inlet and outlet 
effects.  The flume was designed to geometrically scale to larger experimental flumes for 
step-pool and mountain channels in the literature, which are often times scaled to natural 
channels [Shvidchenko and Pender, 2000; Solari and Parker, 2000; Curran and Wilcock, 
2005; Weichert et al., 2008; Comiti et al., 2009].  The explained design allows the 
following variables to be controlled: water discharge, upstream sediment flux, initial bed 
slope, and initial bed size distribution.  An auger-style sediment feeder is installed at the 
upstream end of the flume and controls sediment feed rates to the channel bed. Variables 
measured in the flume include channel bed elevation (along the flume centerline), 
average flow depth, flow rate, sediment transport rates, and surface grain size 
distributions.  Initial slope values are in the range of previous experimental work (Table 
1).  The grain size was geometrically scaled to maintain a flume width to maximum grain 
size ratio (W/Dmax) between 2.5 and 4, consistent some previous experiments (Table 
1)[Curran and Wilcock, 2005; Weichert et al., 2008; Comiti et al., 2009].  Based upon 
these previous experiments, this ratio was expected to provide a sufficient clustering and 
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locking of coarser grains within the channel to actively produce varied surface 
topography and sorting [Church and Zimmermann, 2007].  The current flume is narrower 
than those used in these previous flume experiments in order to reduce the amount of 
sediment and time needed for individual experiments.   
Instrumentation is installed on the flume to measure the above variables.  A 
motorized cart along the top of the flume is equipped with a Keyence high-resolution 
laser and an ultrasonic transducer to record channel bed elevations and water surface 
elevations, respectively, along the flume centerline.  Topographic roughness is calculated 
using the standard deviation of detrended bed elevations over the working length of the 
flume [Finnegan et al., 2007; Johnson and Whipple, 2007].  Water depth is calculated by 
differencing water surface and bed surface elevations.  A string transducer records the 
location of the cart along the working length of the flume.  An Omega magnetic flow 
meter is installed on the water discharge pipe at the upstream end to accurately record 
flow rates.  A load cell and a basket at the downstream end of the flume measure the 
mass and collect transported sediment throughout each experiment.  
The initial grain size distribution placed on the channel bed at the start of both 
experiments is a poorly sorted mixture of coarse sands and gravels between 0.45mm and 
40mm in diameter (Figure 1). Interpolated D16, D50, and D84 values for this grain size 
distribution are 3.1mm, 6.2mm, and 16mm, respectively.  The sediment was divided into 
5 classes and painted according to size in order to quantify surface grain size changes and 
relation to channel dynamics through time (Table 2).  Color classes are well separated 
with the exception of blue and red gravels, which have a size distribution overlap for 
coarser gravels (Figure 2).  Using overhead photography of the channel bed, images were 
processed using a MATLAB code to classify all pixels into the five color groups.  The 
number of pixels in each color class was then used to determine the percent area of each 
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grain size on the surface of the channel bed.  The known sieve distribution of each of the 
5 colors was used to create an overall surface grain size distribution for each 
experimental increment.  These distributions were used to interpolate D16, D50, and D84 
values for the surface grain size distributions. 
Experimental Procedure 
Experiments began with a flat, randomly sorted bed, by filling the flume with the 
initial grain size mixture and leveling the surface to a depth of ~15cm.  Water discharge 
was slowly turned on, allowing the entire length of the flume to become saturated before 
gradually increasing discharge to a rate of 0.881 L/s.  Due to rapid transport rates and 
adjustments at the beginning of the experiments, time increments were initially very short 
(minimum of 1 minute).  While flow was running, water surface elevations were 
collected using the ultrasonic transducer. The discharge was then stopped and the bed 
topography measured.  Sediment transported through the flume and caught at the 
downstream end, was dried and sieved into ten size classes. Overhead photographs were 
taken of the dry bed.  After data collection, flow is reinstated gradually to minimize 
unnatural bed reconfiguration.  This process continues at increasing increment lengths as 
bed conditions stabilize and transport rates lessen.  During stable bed conditions, bed 
topography is scanned and sediment is collected in up to 30-minute increments.  
After stable bed conditions were reached (i.e., low outlet transport rates and little 
or no changes in topography) sediment feed was introduced to the channel at a rate of 
1000 g/min.  This sediment feed is used to perturb the system and mimic a sudden change 
in sediment supply, such as naturally occurring mass wasting events or engineered gravel 
augmentations.  Landslides and ecosystem changes like forest fires and deforestation can 
suddenly introduce large amounts of sediment into channels.  In this experimental case, 
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coarse sand and very fine gravel (<2.8mm) is fed into the upstream end of the flume by 
the sediment feeder. This rate was chosen to provide a substantial increase in 
sedimentation to the channel, affecting the entire bed within several minutes.  
Experimental increments during sediment feed are limited to 4 minutes due to the rate at 
which the downstream sediment baskets fill.  All previously described measurements 
(i.e., bed and water elevations) are maintained at these 4-minute increments concurrent 
with the sediment feed.  The sediment feed was continued until channel conditions 
appeared to have stabilized and the transport rates into the system were similar to that 
exiting.   
After the sediment feed is discontinued, experimental increment lengths become 
short (1 minute) and slowly increase as bed conditions stabilize, following a similar 
pattern of increment lengths as the beginning of the experiments.   Experiments were 
ended when transport rates remained low and channel topography was relatively stable.   
I designed the flume and experimental procedure in order to record observations 
and relationships between channel roughness, slope, and sediment transport.  
Experiments are run identically for an 8.2 and 12.4% slope, with the exception of overall 
time due to differences in reaching approximate stable bed conditions.  In conjunction 
with having identical initial grain size distributions and flow rates, the experiments can 
adequately be compared to one another in order to perceive trends and effects from slope 
differences, roughness changes, and sediment flux.  This experimental set-up ultimately 
provides observations of channel dynamics as a result of roughness evolution and 
sediment flux. 
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Shear Stresses & Friction Factors 
 Understanding the relationship between roughness, slope, and sediment flux 
requires the quantification of flow characteristics like shear stresses and friction factors.  
Assuming steady, uniform flow, the total shear stress at the channel bed, τ, is defined as, ! = !"#$            [1] 
in which ρ is the density of water, g is gravitational acceleration, H is the average flow 
depth (sometimes substituted by the hydraulic radius), and S is the average water surface 
slope [Shvidchenko and Pender, 2000; Wilcock and Crowe, 2003; Church and 
Zimmermann, 2007].  H is calculated from differencing the bed elevation from the water 
surface elevation and averaging over the working length of the flume.  The slope is 
simply calculated from the measured bed elevations and accounting for the preset slope 
values of the flume (8.2 and 12.4%).   
 The “total” hydraulic friction factor is calculated using the Darcy-Weisbach 
equation for friction factor ftotal as  !!"!#$ = !!!!!!!! ≈ !!!!!!!        [2] 
in which Rh is hydraulic radius (cross-sectional area/ wetted perimeter), and V is average 
flow velocity.  Rh was calculated from the average flow depth and flume width [Comiti et 
al., 2009].  V was calculated from the flow depth and measured discharge.  Following 
Comiti et al. [2009], I assume that total hydraulic friction can be separated into 
components using the relationship !!"!#$ = !!" + !!"#$ + !!"#$$          [3] 
where !!" is the friction factor due to skin friction, !!"#$ is the friction factor due to form 
drag, and !!"#$$ is the friction factor due to spill resistance.  For the purposes of this 
research, !!"#$! is ignored because it cannot be accurately estimated, and pertains more to 
flows that are spilling over large steps and partially submerged topography [Comiti et al., 
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2009], which is not the case in the current experiments.  Flow depths consistently 
submerge all bed topography in the flume.  The friction factor !!" can be calculated using 
the following equation [Millar, 1999; Comiti et al., 2009]: 
 !!" = 2.03 log !".!!!!!" !!        [4] 
where D50 is the median surface grain size.  Solving for !!"!#$ and !!" can yield a value 
for !!"#$ using the equation [3].   
 These friction factors can be used to calculate the proportion of total shear stress, 
τ, associated with skin friction and form stress.  Using the following equations   
 !!" = ! !!"!!"!#$               [5] 
and  !!"#$ = ! !!"#$!!"!#$               [6] 
determines the amount of shear stress related to skin friction, !!", and the amount of 
shear stress related to form friction, !!"#$.  In order to calculate non-dimensional 
stresses, !∗, we use !∗ = !!!!! !!!"           [7] 
where τ can be substituted with !!" or !!"#$ to determine the non-dimensional skin 
friction stress, !∗!", or non-dimensional form stress, !∗!"#$ [Lamb et al., 2008].  
 Wilcock and Crowe [2003] present a sediment transport model that is based on the 
relative size of a particle compared to the D50 grain size.  They argue that the mobility of 
a grain is affected by the relative size of surrounding grains, commonly referred to as a 
‘hiding’ function.  A grain protruding farther into a flow on a fine bed should mobilize at 
a lower stress than the same grain size on a coarser bed.  The model accounts for hiding 
effects by modifying the critical shear stress based on the size of a grain relative to the 
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D50 of the bed.  This method is used in this research to assess whether the hiding function 
properly predicts experimental sediment transport.  Wilcock and Crowe [2003] propose 
the following hiding function: !∗!"#!∗!!" = !!!!" !           [8] 
 ! = !.!"!!!"# !.!! !!!!"              [9] 
in which !∗!"# is the non-dimensional critical shear stress required to mobilize a grain of 
size !!, !∗!!" is the non-dimensional shear stress (initially assumed to be 0.06), and !!" 
is the median grain size of the bed surface.  Using the range of grain sizes present in the 
flume as !! (0.45mm<!!<40mm), we calculate the !∗!"# for incipient motion.  These 
calculated !∗!"# values can be utilized to determine the grain sizes that are mobile (Dmobile) 
at unique D50 and !∗!" values for the current experiments.  These Dmobile values should 
therefore adjust for changes in surface grain size and hiding effects in the channel.  
Table 1: Recent experiment flume geometries compared to the current research. 
 
Table 2: Color classes and associated grain sizes. 
 
 
 Brown White Yellow Blue Red 
Grain Size <2.8mm 2.8-6.3mm 6.3-11.2mm 11.2-31.5mm 16-40mm 
 Flume Width (W) Slopes Dmin Dmax W/Dmax 
[Comiti et al., 2009] 0.46m 14% <2mm 127-203 2-3.6 
[Curran and Wilcock, 2005] 0.15 6-8 0.5 64 2.3 
[Weichert et al., 2008] 0.15-0.6 5-13 <2 45 3.3-13.3 
Current Research 0.1 8-12 0.45 40 2.5-4 
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Chapter 2: Results 
Two experimental runs were conducted, each consisting of three parts: part (1) 
comprised of natural bed adjustments from the initial smoothed surface and was run until 
transport rates were low (<10 g/min) and bed topography was relatively stable; part (2) 
introduced sediment feed to the channel, composed of the finest size fraction (<2.8mm); 
and part (3) consisted of the readjustment of the bed towards a stable bed topography and 
low transport rate after the sediment feed ended.  These three sections are clearly defined 
by the transport rates (Figure 3). 
SEDIMENT TRANSPORT RATES 
Rapid channels adjustments occur during the beginning of each experiment.  The 
random arranged bed is quickly eroded and reworked.  Transport rates are highest 
(>500g/min) during this initial bed adjustment phase and quickly decrease through time 
(Figure 3).  Sediment transport rates of less than 10 g/min are observed during periods of 
relatively stable bed conditions.  During sediment feed periods, the outlet transport rates 
are at or near the flux rate of 1000 g/min within several minutes of sediment flux entering 
the channel.  When sediment feed is discontinued, transport rates display low amplitude 
spikes before once again decreasing rapidly.  Rates are below 10 g/min by the end of the 
experiments.  These trends are consistent in both experiments. The only noticeable 
difference is the magnitude of initial rates, which unsurprisingly were much higher in the 
12.4% slope experiment. 
TRANSPORTED SEDIMENT DISTRIBUTIONS 
Transported sediment distributions exhibit an initial fining trend through time. 
Transport rates by size class display three distinct transport periods, consistent with 
experimental parts described previously (Figure 4, 5).  A considerably higher mass of 
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coarse sediment is transported at the beginning of both experiments during the channel 
adjustment phase.  The percentage of coarse sediment classes initially transported in the 
12.4% slope experiment is up to 20% greater than that of the 8.2% channel slope.  During 
low transport periods, the transported sediment distribution is variable.  During sediment 
feed periods the overall size distribution is expectedly finer, consisting of >70% coarse 
sand.  Importantly, an increased mass of coarser grain fractions is transported during 
sediment feed periods (Figure 4).  During bed adjustments following the sediment feed, 
transported distributions coarsen gradually in the 8.2% slope, and more rapidly in the 
12.4% channel slope (Figure 5).  The percent of coarse sand transported through the 
channel remains relatively high through the end of the experiments.  D16, D50, and D84 
values for transported sediments are low during sediment feed, and coarsen towards the 
end of the experiments (part 3) as the fluxes drop (Figure 6).  
SURFACE SEDIMENT DISTRIBUTIONS 
As previously discussed, the grain size distribution used in this research was 
subdivided into five color classes based on clast size.  Experimental parts can be seen in 
the distinct pattern changes of surface grain size distributions (Figure 7).  The values for 
D16, D50, and D84 of the surface grain size distributions were interpolated from these data 
and the known distributions of individual color classes (Figure 8).  Preliminary surface 
distributions are similar to that of the overall sediment distribution.  Once flow begins 
(experiment part 1), surface distributions coarsen through time.  As expected, sediment 
feed produces a finer surface distribution, with coarse sand accounting for 40-55% of the 
surface in the 8.2% slope channel, and 38-48% of the surface in the 12.4% channel 
(Figure 7).  Fine and intermediate sized gravel distributions decrease during the sediment 
feed, while coarsest fractions remain nearly constant through the feed interval.   
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During post-feed intervals (part 3), sand is excavated from the channel and 
associated surface distribution decreases to approximate pre-feed values.  All other size 
class distributions coarsen towards the end of the experiments, consistent with D50 and 
D84 values (Figure 8).  Surface sediment distribution curves from four distinct time 
increments depict: (1) initial beds; (2) coarsening; (3) fining during sediment feed; and 
(4) coarsening of final bed (Figure 9). 
TOPOGRAPHIC ROUGHNESS 
Channel roughness is quantified by calculating the standard deviation of bed 
topography from a mean bed elevation as described previously.  Roughness values are 
initially low followed by rapid increases during the first several increments (Figure 10).  
Roughness trends are slightly different between the two experimental slopes.  In the 8.2% 
slope channel, roughness gradually continues to increase as bed conditions stabilize and 
transport rates become low.  Roughness decreases substantially due to the introduction of 
sediment feed, on the order of 2mm.  The roughness remains consistently lower for the 
entirety of the sediment feed period.  Termination of sediment feed results in a rapid 
increase of roughness to higher values that become stable at the end of the experiment.  
In the 12.4% slope channel, roughness stabilizes during initial stable bed conditions. 
Roughness decreases during sediment feed, however, the values remain variable. After 
sediment feed, the roughness increases rapidly, continuing this trend through the end of 
the experiment (Figure 10). 
SHEAR STRESSES & FRICTION FACTORS 
 Total shear stress is calculated and plotted through time for both experiments 
(Equation 1; Figure 11).  Friction factors associated with skin friction are calculated and 
used to determine non-dimensional skin friction shear stress, !∗!" (Equation 5; Figure 12, 
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13).  !∗!" values indicate increased stress during the sediment feed interval, and lower 
values during near stable bed conditions.  Estimated Dmobile grain sizes are calculated 
using equation [7] and calculated shear stresses, assuming 0.06 for the critical shields 
stress (Figure 14).  This method predicts lower Dmobile sizes during sediment feed periods 
and greater sizes during post-sediment feed stable bed conditions.  Importantly, flume 
observations find the opposite trend (Figure 4, 6). 
Dmobile sizes were also calculated using the Wilcock and Crowe [2003] sediment 
transport model using equations [8] and [9].  Two critical shields stress values, 0.04 and 
0.06, were used for these calculations (Figure 15).  Results are much different than 
previously calculated Dmobile grain sizes.  Dmobile sizes are greatest during initial bed 
adjustment periods and during the sediment feed interval.  During stable bed conditions, 
the Dmobile sizes are relatively small (<2mm) because the coarse bed causes smaller grains 
to be relatively less mobile.  Assuming a critical shields stress value of 0.04 yields higher 
Dmobile sizes and is likely a more realistic assumption for the current channel system than 
0.06.  Dmobile sizes are consistently higher in the 8.2% slope than in the 12.4% slope.   
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Chapter 3: Discussion & Conclusions 
DISCUSSION 
The experiments were designed to observe channel dynamics in response to a 
perturbation to the system, in this case a pulse of fine sediment at a controlled feed rate. 
The feed is the one independent variable in each of the two runs that is responsible for 
subsequent changes to channel characteristics in the flume, most notably including 
coarsening of surface grain size and increased sediment mobilization.  We interpret the 
relationship between the sediment feed and topographic roughness, transported sediment, 
and shear stresses in order to understand the effects of sediment feed on surface grain 
size, sediment mobility, and bed topography. 
Mobility of Grain Sizes 
Dmobile grain sizes are calculated using equation [7], assuming a critical shields 
stress of 0.06, resulting in Dmobile grain size values that are directly proportional to !!" 
(Figure 14, 17).  These estimated values for Dmobile are inconsistent with experimental 
measurements of transported distribution sizes and trends (Figures 4, 6).  Estimated 
Dmobile values exhibit overall finer mobility sizes during sediment feed, whereas transport 
rates indicate a relative increase in coarse grain transport (Figure 4).  These Dmobile values 
are based on !!", which is partitioned from total shear stress by the ratio of !!" to !!"!#$ 
(Equation 1, 2, 4, 5), and therefore includes velocity, hydraulic radius, slope, and D50 of 
the bed.  It is possible that this partitioning method does not effectively weigh variables  
affecting grain mobility. We therefore suggest that the Dmobile values (Figure 14) do not 
match the observed mobility trends in these experiments due to the ineffective inclusion 
of surface D50 and roughness values. 
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Dmobile calculations using the Wilcock and Crowe [2003] method reveal high Dmobile 
values during the beginning of experiments and during sediment feed intervals.  Lower 
Dmobile values are associated with the two stable bed increments, before and after the 
sediment feed.  These trends are consistent with the observed surface D50 values (Figure 
8).  Decreased D50 values during sediment feed correspond with increased Dmobile values, 
while coarser D50 values correspond with lower Dmobile values (Equation 8; Figure 15).  
This relationship can be seen explicitly in equation [8] and appears to effectively account 
for changes in surface grain sizes when comparing these calculated Dmobile values to 
measured transport rates (Figure 4).  This model does not explicitly account for or predict 
channel roughness, which also changes significantly from sediment feed to post-feed time 
periods.  By accounting for surface grain size distributions, however, the model does 
consider grain scale roughness changes but not roughness associated with form drag. We 
conclude that the sediment transport model proposed by Wilcock and Crowe [2003] 
provides reasonable estimates for Dmobile values that compare well with these experimental 
results.  The model accounts for surface D50 and implicitly grain-scale bed roughness, 
which both exhibit increasing trends after sediment feed.  
Transport Rates and Distributions 
Inputting sediment feed into the system has a direct correlation with outgoing 
transport rates.  As expected, outgoing rates are consistent with input rates during 
sediment feed, implying that the majority of sediment entering the system is subsequently 
removed (Figure 3). Transported grain size distributions, however, indicate that a portion 
of the outgoing sediment consists of existing coarse-grained bed material (Figure 4, 5).  
Transport rates of intermediate and coarse sizes are elevated during and after the 
sediment feed, relative to previous stable bed rates (Figure 4).  The remobilization of 
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these grain fractions is a result of the fine sediment feed and the fining bed surface.  The 
input size fraction (coarse sand to fine gravel) tends to smooth the bed surface by filling 
in topographic lows (Figure 10), thereby reducing relative hiding effects for individual 
coarse grains and decreasing the stresses required for incipient motion [Wilcock and 
Crowe, 2003; Yager et al., 2012].  The decreasing bed roughness on a grain scale 
essentially provides a flatter surface on which there are fewer protruding grains and lower 
friction angles, increasing mobility [Parker et al., 1982; Solari and Parker, 2000].  Thus, 
it is concluded that this fine fraction of sediment feed can create favorable conditions for 
the remobilization of existing grains, consistent with previous work [Sklar et al., 2006, 
2009; Venditti et al., 2010a]. 
Topographic Roughness 
Channel roughness is quantified by calculating the standard deviation of 
detrended bed elevations for each experimental increment.  Roughness changes in both 
experimental runs because of partial bed alluviation by the fine sediment (Figure 10). The 
decrease in roughness during sediment feed of the 8.2% slope run is interpreted to be a 
result of the fine sediment filling in topographic lows and decreasing overall amplitudes 
in bed topography. The roughness values calculated for the 12.4% slope are varied during 
sediment feed and may not imply prolonged smoothing of the bed.  Visual observations, 
however, indicate that the bed did become smoother at the grain scale as sediment feed 
filled interstitial grain space, but the standard deviation metric of roughness is insensitive 
to this grain-scale change.  
Once the sediment feed is ceased, finer grain fractions are preferentially 
transported off of the channel bed.  Deposits of the fed coarse sand are therefore 
gradually removed, exposing coarser grains and pre-existing bed materials.  By 
 18 
preferentially transporting finer sediment sizes through the system and exposing coarser 
surface distributions, the bed likely becomes more varied in topography, thus increasing 
roughness values.  These data suggest there may be direct trends of increasing roughness 
as a result of increasing D50 (Figure 19).  It remains unclear what the ultimate steady state 
roughness values are during final stable bed conditions since both roughness trends 
continue to increase at the end of the experiments, particularly in the 12.4% slope.  
Nonetheless, the data suggest that overall bed roughness increased in both runs after the 
sediment feed period (Figure 10).  We interpret this roughening of the channel bed to be a 
result of changing sediment transport characteristics during and after the sediment feed. 
Shear Stress Implications 
Total shear stress (Equation 1) is dependent on flow depth and slope (Figure 11).  
Slope and flow depths do not change substantially during the experiments, although the 
combined effect of these trends is responsible for total shear stress calculations (Figure 
16).  Lower shear stress values observed during sediment feed periods are a result of 
decreased flow depths.  The observed decreased flow depths are in turn, likely a response 
to channel roughness.  A smooth channel would be expected to have a relatively smooth 
water surface due to little interaction with varied topography or protruding grains, 
thereby increasing flow velocity and decreasing flow depths over the bed.  
Analysis of total shear stress and friction factors yields values for skin friction 
shear stress, !!", (Equation 5) and non-dimensional skin friction shear stress, !∗!" 
(Equation 7; Figure 13, 17).  Observed increased values of !∗!" during sediment feed 
periods implies increased mobility of the D50 grain size.  These proportions of !!" from 
total shear stress are based on the friction values for skin friction, !!" (Equation 4).  The 
median grain size, D50, therefore has important effects on !!" values.  D50 decreases 
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substantially during the sediment feed period relative to previous and post-feed beds.  
Decreasing values of !!" are therefore expected to decrease the proportion of !!" in the 
total shear stress, decreasing relative mobility of D50 on the bed.  Thus, the sediment feed 
and the resulting fining of surface grain sizes would be expected to decrease !!" values 
(Figure 17), contributing to overall decreased sediment mobility during sediment feed.  
As discussed previously, this method does not account for surface grain size distributions, 
which makes results from the Wilcock and Crowe [2003] model more agreeable to our 
experiments. 
Coarsening of Surface Grain Size Distributions 
The surface grain size distributions expectedly become finer during the 
introduction of the finest grain size fraction to the system.  In contrast, the final resulting 
surface grain size distributions at the end of each experiments is measurably coarser than 
all previous surface distributions.  How does the introduction of the finest sediment 
fraction ultimately coarsen final surface grain size distributions?  We interpret these 
results to be effects of topographic roughness and transport distributions.    
The introduction of sediment feed to the channel decreases D50 of the surface on 
the order of 5mm in both runs (Figure 8).  The fining of the surface distribution may be 
weakly correlated with topographic roughness of the channel (Figure 19).  Lows of the 
previous topography provide accommodation space for incoming fine sediment.  As 
discussed with transport rates and distributions, roughness can have substantial effects on 
the hiding effect of grains from shear stress and therefore sediment mobility.  We suggest 
the pre-existing roughness of the channel therefore has provided finer sediment feed 
ample ‘hiding’ space in which to become immobile on the bed surface.  This deposition 
leads to the observed decreasing roughness values.  
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A finer surface distribution has now been established in the channel, at which 
point sediment feed is discontinued.  Measured transport rates and distributions remain 
high immediately following the termination of sediment feed (Figure 4).  Observations of 
the channel bed reveal rapid transport and removal of the fine sediment feed.  As mobile 
grain fractions are removed from the bed, roughness increases as existing, coarser 
sediment is exposed on the bed surface. As the roughness increases as a result of 
sediment removal, transport rates decrease (Figure 4).  Measurements of transported 
sediment sizes during this post-sediment feed interval reveal overall finer transport sizes 
compared to the previous stable bed conditions (Figure 6).  These measurements are 
likely due to remaining effects of finer grain fractions remaining on the bed as they are 
winnowed away at slower rates over the rough bed (Figure 5). 
Combined effects of roughness and transport distributions effectively cause a 
portion of the pre-existing bed material to be transported out of the system in addition to 
the removal of most of the introduced sediments.  Remaining bed distributions are 
therefore coarser than pre-sediment feed distributions (Figure 7).  D50 and D84 values for 
the surface size distribution increase during post-sediment feed channel adjustments 
(Figure 8).  These trends are consistent in both runs, ultimately resulting in coarser 
surface grain size distributions (Figure 9).  
CONCLUSIONS 
The experiments described herein work towards determining the effects that 
channel slope and sediment supply have on channel roughness and sediment transport.  
We find that the introduction of sediment feed into a stable channel bed has significant 
effects on transport and sorting.  For these experimental conditions (i.e., inclusion of a 
wide grain size distribution including coarse, relatively immobile grains) channels 
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naturally reach near-stable bed conditions with low transport rates and high topographic 
roughness.  The introduction of the finest sediment size fractions essentially smoothens 
the bed at the grain scale, increasing relative mobility of coarser grains over a fining 
surface grain size distribution. Discontinuing sediment feed resulted in pronounced 
coarsening of the bed concurrent with increased roughness and scouring.  This is 
interpreted to be a result of the increased mobility of fine and intermediate grains over the 
bed during the end of the sediment feed period.  Once the majority of introduced 
sediment is removed from the bed surface, channels displayed increased roughness, 
inhibiting further sediment transport, especially of finer size fractions.  The resulting 
channel beds have increased topographic roughness and coarser surface grain size 
distributions compared with stable bed conditions prior to sediment feed.  The Wilcock 
and Crowe [2003] sediment transport model effectively predicts observed patterns of size 
dependent grain mobility.  However, it does not explicitly consider changes in bed 
roughness and cannot predict the corresponding bed roughness changes that we also 
observed.  A specific implication of this work is the long-term effects of gravel 
augmentation using finer grain sizes.  Finer sediment will preferentially mobilize coarse 
grains and may ultimately cause channel beds to become coarser and rougher, which may 
be opposite of the intention. 
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Figure 1: Sediment distribution by percent mass used in the current experiments. 
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Figure 2: Percent by mass for each of the five color classes. 
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Figure 3: Transport rate for the two experiments.  Note different time scales for the 
two experiments.  Open symbols represent measurements taken during 
sediment feed. 
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Figure 4: Transport rates by sediment size for 8.2% slope (A) and 12.4% slope (B).   
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Figure 5: The transported sediments are divided into five size classes and displayed by 
percent by mass through time.  (A) is 8.2% slope, (B) is 12.4% slope.   
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Figure 6: Interpolated D16, D50, and D84 values of transported sediment for the 8.2% 
slope (A) and 12.4% slope (B) experiments through time. 
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Figure 7: Surface grain size distribution by percent of surface area of color class sizes.   
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Figure 8: Interpolated D16, D50, and D84 values of the surface grain size distribution 
through time for both experiments.  Sediment feed periods are denoted 
along the time axes for each experiment. 
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Figure 9: Interpolated surface distribution curves during 4 experimental increments 
through time: the initial randomly sorted bed (0 min); first stable bed (264, 
126 min); sediment feed period (328, 174 min); and final stable bed (421, 
234 min).  (A) is 8.2% slope and (B) is 12.4% slope. 
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Figure 10: One standard deviation of bed topography as a metric for bed roughness. 
Open symbols represent measurements taken during sediment feed. 
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Figure 11: Total shear stress, ! = !"#$, through time.  Open symbols represent 
measurements taken during sediment feed. 
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Figure 12: Friction factor due to skin friction through time.  Open symbols represent 
measurements taken during sediment feed. 
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Figure 13: !∗!" plotted through time. Open symbols represent measurements taken 
during sediment feed. 
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Figure 14: Estimated Dmobile grain sizes throughout the experiments, assuming critical 
shear stress of 0.06 and using calculated τSF.  Open symbols represent 
measurements taken during sediment feed. 
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Figure 15: Estimated Dmobile grain sizes throughout the 8.2% (A) and 12.4% (B) sloped 
experiments using the Wilcock and Crowe [2003] method.  We assumed 
critical shear stress of 0.06 and 0.04. 
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Figure 16: Comparison of slope and flow depth through time. (A) is 8.2% slope. (B) is 
12.4% slope. 
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Figure 17: Skin friction shear stress, τSF , estimates through time. 
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Figure 18: Comparison of topographic roughness (standard deviation of bed elevations) 
and surface D50 values for the 8.2% slope (A) and 12.4% slope (B). 
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Figure 19: Comparison of D50 to bed roughness (standard deviation). 
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